Animal cells have two tRNA splicing pathways: (i) a 5′-P ligation mechanism, where the 5′-phosphate of the 3′ tRNA half becomes the junction phosphate of the new phosphodiester linkage, and (ii) a 3′-P ligation process, in which the 3′-phosphate of the 5′ tRNA half turns into the junction phosphate. Although both activities are known to exist in animals, in almost three decades of investigation, neither of the two RNA ligases has been identified. Here we describe a gene from the chordate Branchiostoma floridae that encodes an RNA ligase (Bf RNL) with a strict requirement for RNA substrates with a 2′-phosphate terminus for the ligation of RNAs with 5′-phosphate and 3′-hydroxyl ends. Unlike the yeast and plant tRNA ligases involved in tRNA splicing, Bf RNL lacks healing activities and requires the action of a polynucleotide kinase (PNK) and a cyclic phosphodiesterase (CDPase) in trans. The activities of these two enzymes were identified in a single B. floridae protein (Bf PNK/ CPDase). The combined activities of Bf RNL and Bf PNK/CPDase are sufficient for the joining of tRNA splicing intermediates in vitro, and for the functional complementation of a tRNA ligase-deficient Saccharomyces cerevisiae strain in vivo. Hence, these two proteins constitute the 5′-P RNA ligation pathway in an animal organism.
A rchaeal and eukaryal cells have ubiquitous intron-containing tRNA precursors, and their correct processing to mature tRNA is essential for viability. The first step in tRNA maturation is the removal of introns by the tRNA splicing endonuclease (1) generating the linear intron and two tRNA halves with 2′,3′-cyclic phosphate and 5′-hydroxyl termini (Fig. 1A, Top) . Different strategies are used to subsequently join the tRNA halves together. A 3′-P ligation pathway exists in archaea and in animals (2, 3) . Fungi, plants, and-as a second pathway-animals employ a more complex reaction that requires GTP and ATP to generate the crucial 5′-phosphate involved in a 5′-P ligation process (Fig. 1) . The multifunctional yeast (class I) and plant (class II) tRNA ligases combine three enzymatic activities in a single polypeptide (Fig. 1B) : an adenylyltransferase, a polynucleotide kinase (PNK), and a cyclic phosphodiesterase (CPDase) (4) . These RNA ligases perform both "healing" and "sealing" steps (5) during ligation (Fig. 1A) . The 2′,3′-cyclic phosphate at the 3′-end of the 5′ tRNA half is hydrolyzed by the CPDase to generate a 2′-phosphate and 3′-OH (gray box). Then the 5′-OH group of the 3′ tRNA half is phosphorylated by the GTP-dependent PNK (yellow box). In a third step, the ligase protein is adenylylated and the AMP is transferred to the 5′-phosphate of the 3′ tRNA half followed by the formation of the 2′-phosphomonoester-3′,5′-phosphodiester bond and the release of AMP. Finally, the 2′-phosphate at the splice junction is removed by a nicotinamide-adenine dinucleotide-dependent phosphotransferase (4, (6) (7) (8) (9) (10) (11) . This enzyme cascade is called the 5′-P (yeast-type) RNA ligation pathway.
A PNK and an RNA ligase activity involved in the maturation of mammalian pre-tRNAs was reported almost 30 y ago (12) . Subsequently this reaction was shown to yield a 2′-phosphomonoester-3′,5′-phosphodiester bond at the splice junction (13) . Recently, the human PNK (hClp1) was purified and shown to be associated with the tRNA splicing endonuclease and responsible for the phosphorylation of the 5′-OH ends of 3′ tRNA halves (14) . The data suggest that hClp1 plays a catalytic role in the 5′-P ligation pathway in animal cells (13) (Fig. 1B) . These data are in line with the finding that hClp1 expression in Saccharomyces cerevisiae complements mutations in the essential PNK module of yeast tRNA ligase (15) . It is also known that mammalian 2′,3′-cyclic nucleotide phosphodiesterase (CNP) is able to complement mutations in the CPDase domain of the yeast tRNA ligase (16) . Thus, if CNP and hClp1 were genuine components of the animal 5′-P ligation pathway, then all enzymatic activities including the RNA ligase would be encoded by separate genes, and all would act in concert. Clearly, this is in contrast to the trifunctional yeast and plant enzymes.
Here we provide evidence that the chordate Branchiostoma floridae harbors (i) an RNA ligase with the same substrate specificity as fungal and plant tRNA ligases, (ii) a cyclic phosphodiesterase protein with CPDase and PNK activity, and (iii) a Clp1 protein with polynucleotide kinase activity. The bifunctional PNK/CPDase protein in concert with the ligase protein catalyzes the 5′-P RNA ligation pathway in vitro and in vivo.
Results
Search for RNA Ligases of the 5′-P Ligation Type. Members of the class I (17) and class II (18) 5′-P RNA ligases have been identified by activity-guided enzyme purification and subsequent protein sequencing. They share little sequence similarity except for several sequence signature elements; these are the N-terminal nucleotidyltransferase motifs characteristic of DNA/RNA ligases and mRNA capping enzymes (19) , the central P-loop sequence as the active site of PNKs (20) , and the C-terminal twofold "HxT" motif as the key amino acids of cyclic CPDases (21) (Fig. 1B) .
Several years ago, an RNA ligase activity was partially purified from the ciliated protozoan Tetrahymena pyriformis and characterized as a 95 kDa protein with a 5′-P ligation type mechanism (22) . Using the signature elements mentioned above, a pattern search against the Tetrahymena thermophila protein database revealed a protein (XP_001014631) with the three domains typical of class I and class II 5′-P tRNA ligases. Database searches with this protein then identified RNA ligase modules in organisms of different evolutionary origin. This class (class III) of eukaryotic 5′-P RNA ligases is phylogenetically diverse, but limited (Table S1 ). Class III enzymes occur in animals such as the cephalochordate B. floridae, the arthropod Homarus americanus, the mollusk Aplysia californica, and the rotifer Brachionus plicatilis. This gene is also present in some chromalveolata (e.g., Phytophthora infestans) and amoebozoa (e.g., Physarum polycephalum), but is absent in vertebrate animals, insects, plants, and fungi.
In contrast to class I and class II enzymes (Fig. 1B) , however, these newly identified RNA ligase genes do not encode PNK and CPDase domains. Organisms with class III 5′-P RNA ligase con- tain homologs of the human Clp1 RNA polynucleotide kinase and mammalian 2′,3′ cyclic nucleotide phosphodiesterase, which we show to be involved in the essential healing steps. Close inspection of the N-terminal domain of these animal CNP proteins reveals a P-loop and a Walker B motif that are required for catalysis of the 5′-kinase reaction by T4 PNKp (20) and the kinase domain within yeast tRNA ligase (7) . In accordance with the verified polynucleotide kinase activity assay for Bf CNP, we then named it Bf PNK/CPDase. To characterize the class III RNA ligase reaction biochemically and genetically we chose the B. floridae RNA ligase (Bf RNL) enzymes Bf RNL (EEN60659), Bf Clp1 (XP_002248966), and Bf PNK/CPDase (EEN54584). The Bf RNL, Bf Clp1, and BF PNK/CPDase ORFs were cloned, overexpressed as His 6 -tagged proteins, purified by affinity chromatography on an Ni-NTA, and then used in subsequent studies.
B. floridae RNA Ligase Requires a 2′-Phosphate at the Splice Junction in Vitro. To demonstrate the requirement of a 2′-phosphate for ligase action, suitable tRNA Tyr halves were needed: a 5′-half with a 2′-phosphate, 3′-hydroxyl terminus, and a 3′-half bearing a 5′-phosphate (for explanation see Figs. 2, Upper and 3A). The halves were prepared by the action of splicing endonuclease and S. cerevisiae (Sc) PNK/CPDase ( Fig. 2A) or T4 polynucleotide kinase/3´-phosphatase (T4 PNKp) (Fig. 2B) . The addition of recombinant Bf RNL resulted in significant ligation of the tRNA halves only when a 2′-phosphate was present at the end of the 5′-tRNA half (Fig. 2) .
B. floridae RNA Ligase Forms a 2′-Phosphomonoester-3′,5′-Phosphodiester Junction. To confirm that the ligase reaction leaves a 2′-phosphate next to the splice junction (Figs. 1A and 3B), we treated the spliced tRNA and the circular intron with RNase T1 and RNase T2, respectively. Both enzymes cannot cleave a 3′,5′-phosphodiester bond adjacent to a 2′-phosphate, whereas RNase T1 is G specific, and RNase T2 cuts after any base. For this experiment (Fig. 3) , pre-tRNA was first cleaved with tRNA splicing endonuclease, and the resulting tRNA halves and also the linear intron were ligated with Bf RNL and Sc PNK/CPDase. This treatment produced the intronless tRNA with a 2′-phosphate at the G of the splice junction, as well as the circularized intron carrying a 2′-phosphate at an A (Fig. 3B ). Cleavage of spliced tRNA yields an RNase T1-resistant 15-mer oligonucleotide [ACUCCAG(2′p) AUCCUUAGp]. When the ligation is instead performed with T4 RNA ligase 1 and T4 PNKp, the ligation product is not expected to contain a 2′-phosphate. Treatment with RNase T1 gives then the expected 8-mer oligonucleotide (Fig. 3C) . A similar picture emerges after cleavage of the circular intron with RNase T2. The noncleavable dinucleotide Að2 0 pÞUp Ã is visible in the digest of the circularized intron (Fig. 3D, lane A) ; however, if the intron is treated with an excess of calf intestinal phosphatase, the 2′-phosphate is removed and the adjacent phosphodiester bond is now cleavable by RNase T2 (Fig. 3D, lane B) . This result also rules out the possibility that a 2′,5′-phosphodiester bond was formed in the splicing products, as this linkage would be resistant to RNase T1∕T2 cleavage. Fig. 1 . Schematic representation of 5′-P ligation proteins with their corresponding enzymatic activities. (A) Cleavage of an intron-containing pre-tRNA by the tRNA splicing endonuclease produces a 5′-tRNA half with a 2′,3′-cyclophosphate (Top, in gray) and a 3′-half with a 5′-hydroxyl (Top, in yellow) (1). The 5′-half gets modified by a 2′,3′-cyclic-3′-phosphodiesterase activity resulting in a tRNA half with a 2′-phosphate-3′-hydroxyl (Middle Left). The 5′-hydroxyl of the 3′-half gets phosphorylated by a polynucleotide kinase (Middle Right). An RNA ligase module can now connect (seal) these modified (healed) tRNA halves in an ATP-dependent reaction producing a 2′-phosphomonoester-3′,5′-phosphodiester bond (4). (B) According to their sequence conservation the 5′-P ligation enzymes can be divided into four different classes. Class I (including all fungi, trypanosome, and Tetrahymena tRNA ligases) and class II (including the tRNA ligases of vascular plants) 5′-P ligation enzymes contain the three intrinsic activities on one polypeptide, and share a sequence conservation only in between their corresponding class. The newly identified class III (this study) localize the RNA ligase and the bifunctional polynucleotide kinase/cyclic phosphodiesterase on two separate proteins which together are sufficient for tRNA ligation in vitro and in vivo. The class III system also encodes an additional RNA polynucleotide kinase (Clp1). In the class IV system, the RNA ligase has not yet been identified, but the healing enzymes of the human Clp1 kinase and of the rat CPDase which no longer exhibit polynucleotide kinase activity have been characterized. In vitro RNA ligase-activity assay of Bf RNL. The intron-containing chimeric Archeuka pre-tRNA was cleaved with M. jannaschii RNA splicing endonuclease producing tRNA halves and a linear 21-nt intron (18) . These purified RNA splicing intermediates were used for the incubation with various enzyme combinations. They were preincubated with either Sc PNK/CPDase (A) or with T4 polynucleotide kinase/3′-phosphatase (T4 PNKp) (B) at 37°C for 30 min before Bf RNL was added to the reaction mixture. Aliquots were taken after 15, 30, and 60 min and analyzed on a 12.5% polyacrylamide/8 M urea gel. The radioactive fragments were subsequently visualized by PhosphorImager analysis.
A B
B. floridae RNA Ligase Exhibits Protein Adenylylation. A feature of ATP-dependent RNA ligases that join a 3′-hydroxyl to a 5′-phosphate is their reaction with ATP to form a ligase-adenylyl intermediate in which AMP is linked to the enzyme via a phosphoamide bond to Nϵ of a lysine (23) (24) (25) . This lysine is located within the conserved motif I (Kx½D∕NG) characteristic of mRNA capping enzymes and DNA/RNA ligases (26) . The fungal tRNA ligases have a conserved KANG motif (26) , a sequence that is also present in the B. floridae RNA ligase (position 184). Therefore, we constructed a Bf RNL K184A mutant. Both recombinant enzymes were then incubated with ½α 32 PATP, analyzed by SDS-PAGE, and the ligase-½ 32 PAMP adduct detected by autoradiography of the dried gel (Fig. 4) . Although wild-type enzyme reacted with the 32 P nucleotide, the mutant did not. Thus, it is plausible that K184 is the site of AMP addition.
B. floridae RNA Ligase Complements the tRNA Ligase-Deficient S. cerevisiae trl1Δ Strain in Vivo. To test whether the Bf RNL can substitute in vivo for the RNA ligase domain of the S. cerevisiae tRNA ligase (Sc TRL1), we coexpressed in the trl1Δ strain Bf RNL (on a 2 μ plasmid) and Sc PNK/CPDase (on a cen plasmid) under a constitutive promoter. Bf RNL and Sc PNK/CPDase can functionally complement the trl1Δ cells as indicated by growth under selective conditions (Fig. 5A) . The Bf RNL mutant 3 (K184A), that lacks adenylyltransferase activity in vitro, is unable to complement trl1Δ cells in concert with Sc PNK/CPDase in vivo (Fig. 5A) . As neither the Sc PNK/CPDase nor the Bf RNL enzyme individually complements strain trnl1Δ, it is clear that both the healing and sealing enzymes are needed for functional tRNA ligation.
Mutational Analysis of the Bf RNA Ligase Protein. The class I, class II, and class III 5′-P RNA ligase domains lack clear sequence similarity, but contain several motifs characteristic of RNA/RNA ligases and mRNA capping enzymes. Representative class III aligned sequences highlight these motifs (Fig. S1 ). To assess the significance of the conserved amino acids in these motifs, alanine substitution mutants were constructed and their activity tested by trnl1Δ complementation (Fig. 5 ). This analysis indicates that all putative sequence motifs within B. floridae RNA ligase are essential for functional trnl1Δ complementation (Fig. 5B) .
B. floridae Contains Active Polynucleotide Kinase and Cyclic Phosphodiesterase Enzymes. We assayed the Bf PNK/CPDase for its activity to heal tRNA halves (explained in Fig. 1A, Top) ; the 2′,3′-cyclic phosphate of the 5′-half should be ring-opened to a 2′-phosphate, and the 5′-hydroxyl of the 3′-half should be phosphorylated. Upon addition of B. floridae RNA ligase, the tRNA halves were joined (Fig. 6A, lane D) , as was the case when Sc PNK/CPDase was used in the healing step (Fig. 6A, lane B) . Although Bf Clp1 is a more efficient RNA PNK than BF PNK/CPDase (Fig. S2) , the addition of Bf Clp1 to Bf PNK/CPDase did not further stimulate the overall ligation (Fig. 6A, lane C) .
To test whether B. floridae RNA ligase and B. floridae PNK/ CPDase together suffice for complete 5′-tRNA ligation, we complemented the tRNA ligase-deficient S. cerevisiae trnl1Δ strain in the standard plasmid shuffle experiment (Fig. 6B) . The growth of all colonies indicates that coexpression of both enzymes provides all necessary sealing and healing activities required for tRNA ligation.
To probe the significance of the P-loop motif at the beginning of the B. floridae PNK/CPDase enzyme, we introduced two amino acid replacements (K86A/S87A) in the P loop. These replacements abolish the functional complementation and underscore the significance of the Walker A motif for enzyme activity.
Apparently, B. floridae has two polynucleotide kinases encoded, Bf PNK/CPDase and Bf Clp1. In order to characterize their PNK activity ribosomal rA 20 oligonucleotides and deoxy dA 20 oligonucleotides were incubated with ½γ-32 PATP and either of the two enzymes. In this experiment, Bf Clp1 shows exclusive RNA kinase properties, whereas Bf PNK/CPDase has a preference for DNA over RNA (Fig. S2) . Could there be a physiologically relevant "alternate" function for DNA healing?
Discussion
The phylogenetic distribution of multifunctional 5′-P RNA ligase proteins apparently is very limited but diverse (Fig. 7) . The 5′-P homologs are found in all fungal genomes for which sequences are available (class I) and have recently also been identified in plants (class II) (18) . Putative homologs of Sc TRL1 are also present in the proteomes of excavata Trypanosoma and Leishmania (8) and in the chromalveolata Tetrahymena (22) (this study). Surprisingly, the annotation of an RNA ligase protein in any metazoan animal has been enigmatic, although RNA ligase activities were described in HeLa cells more than 20 y ago (2, 13) . Here, we report the identification and characterization of a functional RNA ligase in the proteome of B. floridae, a member of cephalochordata, a small branch of the animal kingdom and chordate subphylum. This new class of 5′-P RNA ligase (class III) is found in other animals such as certain arthropods, mollusks, and rotifers as well as in some chromalveolata and amoebozoa ( Fig. 7 and Table S1 ). Although the class III of 5′-P RNA ligases displays a very limited global sequence similarity to class I and II RNA ligases, it does contain equivalents of nucleotidyltransferase motifs found in all RNA and DNA ligases (19) .
The conservation of RNL motifs between the three classes of 5′-P RNL and the homology between the CPDase and PNK domains may indicate a common origin between the three classes of 5′-P RNL. The conservation of domain organization between class I and class II ligases (i.e., RNL fused with PNK and CPDase domains in one polypeptide) (Fig. 1) suggests the common ancestor of the 5′-P RNL enzymes could have been a fusion of the three functional domains. Several distant homologs of Bf RNL in Trypanosomatidae (XP_847058, XP_812056, XP_001685200) share with the RNL proteins a homologous N-terminal domain but lack some crucial residues contained in this region. In addi-A B Fig. 5 . Functional complementation of the tRNA ligase-deficient S. cerevisiae strain. (A) The tRNA ligase-deficient S. cerevisiae strain Sc trl1Δ was either transformed with Arabidopsis tRNA ligase (At RNL), S. cerevisiae tRNA ligase (Sc TRL1), or cotransformed with Bf RNL wild-type and (K184A) mutant protein, respectively, together with Sc PNK/CPDase or with Bf RNL or Sc PNK/ CPDase alone. (B) Mutational analysis of Bf RNL target residues for functional complementation of Sc trl1Δ together with Sc PNK/CPDase. All eight mutants were lethal for functional complementation. Mutants include key residues of the nucleotidyltransferase motifs I, Ia, III, IV, and V, as well of well-conserved residues within the different 5′-P RNA ligases (Fig. 1) . 7 . Distribution of the 5′-P (circles) and 3′-P (squares) tRNA ligases in eukaryotes. 5′-P tRNA ligases (circles) enzymes are of three known types: class I (purple), class II (green), and class III (blue). A 5′-P tRNA ligase activity is detected in vertebrates but the enzyme (putative class IV) is unknown (red). For many eukaryotes, it is currently unknown if they possess a 5′-P RNA ligase enzyme (yellow circle). The 3′-P tRNA ligase activities (red square) have been detected in vertebrates and archaea. Whether the activity is present in other eukaryotes is unknown (yellow square).
tion, these trypanosomal proteins contain signature elements for the active sites of PNKs and CPDases. As Trypanosomatidae have already putative candidates for the 5′-P RNA ligase (8) , these distant homologs of Bf RNL in Trypanosomatidae may be pseudogenes.
Why Clp1 evolved in animals is unknown. In vertebrates, Clp1 appears to have replaced PNK; whereas in B. floridae, the RNL and the PNK/CPDase can form mature tRNA without the action of the Clp1 protein. The utility of Clp1 in B. floridae is unclear.
Given vertebrates also possess a 3′-P RNA ligase (Fig. 7) for ligating tRNA halves (2), they may use the 5′-P RNL (putative class IV 5′-P RNL) primarily for an alternative RNA ligation pathway that requires Clp1 and not PNK, making the latter dispensable. For B. floridae, the class III 5′-P RNL may be used for both tRNA maturation and this putative alternative function, which may necessitate encoding both the Clp1 and PNK activities. Alternative uses of the 5′-P RNA ligase would explain the sequence divergence noted between the three known classes of 5′-P RNL enzymes and why it has been difficult to find the vertebrate protein by homology searches.
One alternate function of RNA ligases in animals is the ligation of unconventionally spliced Xbp1 mRNA during the unfolded protein response in the cytoplasm (27) . Yet, the nature of the enzyme responsible for Xbp1 mRNA exon ligation is unclear; (i) the known 3′-P RNA ligase activity is exclusively found in the nucleus in frog oocytes (28) , and (ii) the knockout of the 2′-phosphotransferase abolishes the completion of the 5′-P RNA ligation pathway (29) but leaves the unfolded protein response unaffected in mice (30) .
It is unclear whether the putative class IV 5′-P RNA ligase in mammalian cells encodes both healing and sealing activities (Fig. 1 ) in a single protein like class I and II enzymes or in separate polypeptides like B. floridae. The latter scenario is supported by the finding that human RNA 5′-kinase (hClp1) and mammalian CNP can complement the corresponding yeast tRNA ligase activities in vivo (15, 16) . The single polypeptide hypothesis is consistent with the observation that HeLa cell nuclear extracts contain a protein that cross-reacts with antibodies against purified yeast tRNA ligase upon immunoblot analysis and that this protein has approximately the same molecular weight (∼95 kDa) as yeast tRNA ligase (13) . Alternatively, the healing and sealing modules maybe contained in a single protein but the polynucleotide kinase domain is no longer active and has to be complemented in trans by Clp1. Interestingly, the latter component is known to associate with the human tRNA splicing complex (14, 31) . In this context, it should be noted that there is an unusual Emiliana huxleyi ORF (Emihu1|103873|) with a putative N-terminal RNA ligase and a C-terminal CPDase module, yet no indication of a PNK domain.
It will be interesting in the future to unravel the growing complexity of RNA ligation scenarios in biochemical, genetic, and structural terms. Preparation of tRNA Splicing Intermediates and RNA Ligase-Activity Assay. A chimeric intron-containing pre-tRNA with the mature domain of plant tRNA Tyr and the anticodon and a short version of the intron from Methanocaldococcus jannaschii tRNA Trp (designated Archeuka pre-tRNA) was transcribed by T7 RNA polymerase as described (18) . The cleavage of the intron-containing pre-tRNA transcript with the M. jannaschii RNA splicing endonuclease was performed in 20 μL with 10 mM Tris · HCl, pH 7.6, 100 mM KCl, 10 mM MgCl 2 , 1 mM DTT, 40 μM spermine, and 1 μg recombinant enzyme. After incubation at 65°C for 15 min, the ribonucleic acids were phenol/chloroform extracted, ethanol precipitated, and dissolved in H 2 O. RNA ligase-activity assays were performed in 20 μL with 10 mM Hepes-NaOH, pH 7.5, 100 mM KCl, 6 mM MgCl 2 , 1 mM ATP, 0.3 mM spermine, 1 mM DTT, and 40 fmol (4 × 10 4 cpm) of tRNA splicing intermediates and 0.3-1 μL of enzyme preparation. After incubation at 37°C for the indicated time, the RNAs were phenol/chloroform extracted, ethanol precipitated, dissolved in RNA loading buffer (8 M urea, 0.02% xylene cyanol, and 0.02% bromphenol blue), heated for 2 min at 95°C, separated in a 12.5% polyacrylamide/8 M urea gel, and visualized by PhosphorImager analysis.
Materials and Methods
Adenylyltransferase Activity Assay. One microgram of Bf RNL WT or mutant protein were incubated in 10 μL reaction mixture (10 mM Hepes-NaOH, pH 7.5, 100 mM KCl, 6 mM MgCl 2 , 0.3 mM spermine, 1 mM DTT, 0.1 pmol phosphorylated nonradioactive tRNA splicing intermediates, 1 μCi ½α-32 PATP) at 37°C for 10 min. Reactions were stopped by an equal volume of 2× SDS loading buffer (0.1 M Tris · HCl, pH 6.8, 4% SDS, 17% glycerol, 0.8 M β-mercaptoethanol, and 0.05% bromophenol blue) and subsequently separated in a 4-20% gradient SDS PAGE. The gel was analyzed by PhosphorImager.
Functional Complementation Sc trl1Δ. Bf RNL WT or mutant cDNAs in pGAD T7 Rec (leu) were transformed together with Sc PNK/CPDase or Bf PNK/CPDase in pRS 313-ADH (his) into Sc trl1Δ. Formed colonies were streaked on minimal plates containing the drug 5-fluoroorotic acid for the selective loss of Sc TRL1 on pRS 316-ADH (ura). The growth of streaked colonies indicating the functional complementation was analyzed after incubation at 30°C for 4 d.
